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Abstract. Fertilized oyster (Crassostrea gigas) eggs, 
treated with and without cytochalasin B (CB) at varying 
periods during meiotic maturation, were examined fol¬ 
lowing 7-aminoactinomycin D (7-AAD) and anti-/3 tu¬ 
bulin staining for DNA and microtubular patterns, re¬ 
spectively. Electron microscopic observations of untreated 
fertilized eggs revealed the development of an extensive 
network of endoplasmic reticulum during germinal vesicle 
breakdown. Germinal vesicle breakdown was not accom¬ 
panied by the disappearance of the nucleolus; the latter 
persisted morphologically unchanged throughout fertil¬ 
ization. The first meiotic spindle [ 12.4 ± 1.0 ^m (1) X 5.4 
± 0.55 A*m (diameter (d); metaphase plate)] was oriented 
with its long axis perpendicular to the egg's surface. In 
contrast, the second meiotic spindle was approximately 
one half the size of the first [7.4 ± 0.65 gm (1) X 2.91 
± 0.29 (d)] and initially oriented with its long axis 

parallel to the egg's surface. Just prior to anaphase 11, the 
spindle rotated so that its long axis became perpendicular 
to the egg's surface. Following its incorporation into the 
egg cytoplasm, the sperm nucleus dispersed but did not 
form a nuclear envelope until the completion of polar 
body formation. Just prior to pronuclear migration, an 
array of microtubules assembled around the female pro¬ 
nucleus, and then regressed; concomitantly, a sperm aster 
formed in conjunction with the centrosome associated 
with the developing male pronucleus. Following their mi¬ 
gration and apposition with one another, both pronuclei 
underwent prophase as independent structures. Chro¬ 
mosomes from the male and female pronuclei became 

Received 21 May 1993; accepted 28 July 1993. 


organized on a mitotic spindle in preparation for first 
cleavage. In zygotes treated with CB continuously or for 
just meiosis I, anaphase I occurred; however, a polar body 
failed to form. Consequently, all the diads were retained 
within the zygote and became situated on a tripolar spin¬ 
dle. In such cases, anaphase II resulted in the production 
of a variable number of chromosomal aggregations that 
developed into pronuclei (3 to 6). In contrast, zygotes 
treated with CB during meiosis II developed spindles 
characteristic of untreated specimens; however, polar body 
formation was blocked, resulting in the development of 
usually two maternal pronuclei. Morphogenesis of C. gi¬ 
gas fertilized eggs is discussed in reference to similar pro¬ 
cesses in other species and with respect to strategies of 
triploid embryo production using CB. 

Introduction 

Considerable emphasis has been given to the genetic 
manipulation of mollusks, in particular oysters, and its 
potential contribution to the domestication of aquatic 
fauna (Allen, 1987; Beaumont and Fairbrother, 1991). 
Triploid mollusks have been induced using a variety of 
methods: chemical, pressure, and temperature. Depending 
on when applied, cytochalasin B (CB) may inhibit the 
production of the first, second, or both polar bodies 
(Congo, 1972). Consequently, maternally derived chro¬ 
mosomes, normally segregated from the zygote, are re¬ 
tained. resulting in various states of ploidy. Although the 
effects of CB in oyster zygotes have been followed by cy- 
tological methods and flow cytometry (Allen, 1983; Chai- 
ton and Allen, 1985; Guo el al . 1992a, b), important 
cellular and developmental biological questions remain 
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unanswered regarding centrosome activity, spindle or¬ 
ganization, and distribution of chromosomes. To establish 
the efficacy of procedures for chromosome manipulation, 
detailed analyses of the normal sequence of events during 
and after fertilization are required. In particular, analysis 
of components involved with meiotic maturation and 
pronuclear development and association in oysters may 
provide a better understanding of cellular and develop¬ 
mental processes in general and new insights into methods 
for increasing the effectiveness of chromosome manipu¬ 
lation. 

Although electron microscopic studies have demon¬ 
strated ultrastruetural features of oyster gametes (Galtsoff 
and Philpott, 1960; Galtsoff, 1964; Daniels et ai , 1971; 
Gutierrez et ai, 1978; Alliegro and Wright, 1983), we are 
unaware of studies dealing with the fine structure of ga¬ 
mete interactions and fertilization in this organism. Fur¬ 
thermore, investigations dealing with cellular and devel¬ 
opmental aspects of oysters are relatively limited and un¬ 
focused (see Longo, 1983). The availability and abundance 
of both the organism and its gametes, as well as the relative 
ease of obtaining and handling eggs and embryos, make 
oysters a potentially ideal system for cellular and devel¬ 
opmental studies. However, clear, baseline data regarding 
the morphology and biochemistry of gametogenesis, fer¬ 
tilization, and early embryogenesis are for the most part 
lacking, as are defined conditions and parameters to op¬ 
timize development in this organism. 

In a series of studies examining artificially activated 
oyster eggs for genetic studies, we investigated the course 
of fertilization events in CB-treated and untreated Cras- 
sostrea gigas eggs; we used electron microscopy and im- 
munofluorescent techniques for the observation of DNA 
and microtubular organizations. Our observations bear 
on the structure and function of the meiotic spindle at 
first and second meiosis, germinal vesicle breakdown, and 
pronuclear development and association. These new ob¬ 
servations are directly related to mechanisms whereby CB 
affects polar body formation and embryo ploidy. 

Material and Methods 

Mature oysters were obtained during the months from 
May to July from commercial producers in the vicinity 
of Bodega Bay, CA, and maintained in aquaria with run¬ 
ning seawater at the Bodega Marine Laboratory, Bodega 
Bay, CA. The animals were stripped of their gametes: eggs 
were suspended in seawater and sperm were kept “dry" 
at 4°C until used for fertilization. Eggs were filtered 
through a 60-^/m Nytex screen to remove gonadal tissue 
and debris, washed several times in seawater, and brought 
to a concentration of approximately 2 X 10 5 /ml. The 
amount of sperm added to an egg suspension was deter¬ 
mined for each experiment to avoid polyspermy. Gen¬ 


erally, 20 ju 1 of sperm from stripped testis was diluted into 
10 ml seawater, which was then added to a 200-ml egg 
suspension. Fertilization and early development were 
carried out at 22°C. 

At periodic intervals (3 or 6 min) following the mixing 
of sperm and eggs, 10-ml samples were taken and fixed 
(1) for electron microscopy (3% glutaraldehyde, 3% para¬ 
formaldehyde, 1% acrolein in seawater at 4°C; Longo and 
Anderson, 1970); (2) for 7-AAD (Molecular Probes, Eu¬ 
gene, OR) staining of DNA (3% paraformaldehyde and 
0.1% glutaraldehyde in seawater at 4°C); and (3) for tu¬ 
bulin staining (50% methanol in 50 m AI EGTA, pH 6.8 
at —20°C). Preparations for electron microscopy were 
washed overnight in seawater (two changes), incubated in 
0.5% Os0 4 in seawater for 1 h at 0°C, dehydrated in 
ethanol, and embedded in Spurr s embedding medium. 
Eggs were thin sectioned, stained with lead citrate and 
uranyl acetate, and viewed with a Hitachi 7000 EM elec¬ 
tron microscope or thick sectioned (0.5 to 1.0 ^m), stained 
with toluidine blue, and viewed with brightfield optics. 

Specimens for DNA staining were washed overnight in 
seawater, incubated in a 3:1 solution of ethanol and acetic 
acid, and washed twice in phosphate buffered saline (PBS). 
Samples were stored at 4°C in PBS containing 0.02% 
NaN 3 , reacted with 4 mg/ml NaBH 4 in PBS for 15 min, 
and stained in 1.5 jig/ml 7-AAD in PBS for 10 min. 
Stained preparations were washed two times in PBS, 
mounted in glycerol, and viewed with a Nikon inverted 
microscope fitted for cpifluorescence. Specimens w^ere also 
stained with the DNA intercalating dyes Hoechst 33342 
and DA PI as described for 7-AAD. Fluorescent prepa¬ 
rations were photographed using Kodak T-max 400 film. 

Specimens prepared in cold methanol were washed two 
times in PBS and incubated in 1% BSA in PBS for 1 h, 
followed by a 1 h-incubation in anti-/Ttubulin antibody 
(Calbiochem, San Diego, CA). Specimens were washed 
twice in PBS, incubated in FITC-goat antimouse antibody 
(1 /20 dilution) for 1 h, washed in PBS, and mounted and 
viewed as previously described for 7-AAD specimens. 

CB (stock of 1 mg/ml DMSO) was added to egg sus¬ 
pensions to a final concentration of 1 jug/ml just prior to 
insemination, immediately following first polar body for¬ 
mation or during the period (15 min) in which the first 
polar body is produced in controls. In the latter instance, 
after exposure to CB, zygotes were washed twice and re¬ 
suspended in seawater. Controls consisted of fertilized eggs 
suspended in DMSO at a final concentration of 1 ^1/rnl. 
Samples of CB-treated eggs were fixed and processed as 
described above for untreated specimens. 

The rates of sperm nuclear and female pronuclear en¬ 
largement were determined from specimens stained in 7- 
AAD. Video images of stained maternal and paternal ge¬ 
nomes (about 50/time point) were projected onto a video 
monitor and their area determined. Specimens (50-60) 
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stained with antitubulin antibody during polar body for¬ 
mation were projected onto a \ideo monitor and the 
length and width of the first and second meiotic spindles 
were measured. Results for nuclear and spindle measure¬ 
ments are presented as means ± SD. 

Results 

Morphogenesis of untreated eggs and zygotes 

Structure of the unfertilized egg and germinal vesicle 
breakdown. The overall morphology of unfertilized eggs 
after incubation in seawater for 30 to 60 min took two 
forms: (1) Eggs were highly crenulated, pear-shaped, or 
both and possessed an intact germinal vesicle. (2) Eggs 
were essentially spheroidal (about 56 j/m in diameter) and 
had germinal vesicles or were at metaphase I of meiosis. 
In virtually all preparations obtained from stripped ova¬ 
ries, both germinal vesicle and metaphasc I containing 
oocytes were present in approximately equal numbers. A 
small percentage (10 to 15%) appeared to be intermedi¬ 
ate—/. e., at a stage of germinal vesicle breakdown. In¬ 
cubation in seawater for longer periods increased the 
number of eggs at metaphase 1, but rarely did it approach 
80% after 3-h incubation. Less than 1% of the eggs arti¬ 
ficially activated spontaneously and developed beyond 
metaphase 1. 

The germinal vesicle was spherical (about 30 gm in 
diameter) and possessed a relatively smooth surface (Fig. 
la, b). Tetrad chromosomes were distinguished in spec¬ 
imens stained with 7-AAD but not in DAP1- and Hoechst- 
stained specimens because of high background staining 
(Fig. lb). A single, large nucleolus was a distinct feature 
of the germinal vesicle (Fig. la). 

The cytoplasm of eggs having germinal vesicles con¬ 
tained two relatively small, stellate foci of antitubulin 
staining that were usually positioned at one pole of the 
germinal vesicle (Fig. 1c). Mitochondria, cisternae of en¬ 
doplasmic reticulum, Golgi and yolk bodies were distrib¬ 
uted apparently at random throughout the egg cytoplasm 
(Figs, la, 2). The endoplasmic reticulum was present as 
relatively small cisternae that did not form large aggre¬ 
gations or extensive networks. Granules, posessing a ho¬ 
mogeneous electron-dense texture, were observed along 
the egg s periphery' (Figs, la, 2). The egg surface was re¬ 
flected into prominent microvilli, about 1 in length 
by 0.1 jum in diameter (Fig. 2), that projected through a 
vitelline layer composed of a fine filamentous material. 
Along the external surface of the vitelline layer was a lam¬ 
ina, perhaps adherent jelly, that was suspended from the 
tips of the microvilli (Figs. 2, 3). 

Germinal vesicle breakdown was initiated sponta¬ 
neously or apparently as a result of sperm-egg interaction. 
In the latter case, sperm, having undergone the acrosome 
reaction, were observed at the tips of microvilli (Fig. 3). 


Other than the presence of sperm, germinal vesicle break¬ 
down in fertilized and unfertilized eggs appeared to be 
morphologically comparable (Fig. 4). There was little, if 
any, apparent modification in the structure of the nu¬ 
cleolus (Fig. 5). In fact, an intact nucleolus persisted 
throughout fertilization (see below). The tetrad chromo¬ 
somes progressively condensed, and this was accompanied 
by a crenulation of the surface of the germinal vesicle 
(Figs. 4, 5a: inset 5c). Nuclear pores disappeared and fen¬ 
estrations developed within the nuclear envelope such that 
eventually the condensing chromosomes were loosely 
surrounded by cisternae derived from the nuclear enve¬ 
lope (Fig. 5b, c). Concomitantly, aggregations and anas¬ 
tomosing networks of endoplasmic reticulum became 
prominent throughout the cytoplasm (Fig. 5c, d; in¬ 
set 5d). 

As the chromosomes condensed, they progressively ag¬ 
gregated onto a plate-like mass in the center of the egg 
(Fig. 4c). Concomitant with this aggregation, the two stel¬ 
late foci of antitubulin staining—formerly positioned at 
one pole of the germinal vesicle—enlarged, became closely 
associated with the condensing chromosomes, and even¬ 
tually localized to poles of the first meiotic spindle. The 
first meiotic spindle then moved peripherally to become 
positioned within the cortex (Fig. 4e, f). The size and 
orientation of the first meiotic spindle are particularly 
noteworthy in contrast to the second (Fig. 4e, f). The long 
axis of the first meiotic spindle was 12.4 ± 1.0 gm and 
its diameter at the metaphase plate measured 5.4 ± 0.55 
jum. In all specimens examined, the long axis of the spindle 
was positioned normal to the egg surface. 

Polar body formation. In those eggs inseminated at 
metaphase I or the germinal vesicle stage, gamete inter¬ 
action triggered the continuation of meiotic maturation. 
At anaphase I, diads disjoined; the most cortically posi¬ 
tioned of the two groups of chromosomes became en¬ 
closed within the first polar body (Figs. 4g, h; 6). Con¬ 
comitantly, that portion of the spindle remaining w'ithin 
the zygote regressed. This was followed by the reorgani¬ 
zation of the diad chromosomes onto the metaphase plate 
of the second meiotic spindle (Fig. 6a), which was dis¬ 
tinctly different from the first. (1) The size of the second 
meiotic spindle, both its long axis (7.4 ± 0.6 gm) and its 
diameter (2.9 ± 0.29 jum), were approximately one half 
that of the first. (2) Its orientation when formed was exactly 
opposite that of the first; />., its long axis was positioned 
parallel to the egg's surface (Fig. 6b). Just prior to anaphase 
II, the second meiotic spindle rotated so that its long axis 
became perpendicular to the egg surface (Fig. 6c, d). Ac¬ 
companying anaphase II was the formation of the second 
polar body, which became positioned subjacent or lateral 
to the first (Figs. 6e. 7). The maternal chromosomes re¬ 
maining in the zygote swelled and became invested by a 
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Figure 4. Condensation of tetrads and their localization within the egg during metaphase and anaphase 
1. Progressive stages in the condensation and alignment of tetrads onto the metaphase plate takes place in 
the midregion of the egg (a, c); the metaphase spindle (MS) then moves to and becomes positioned at one 
pole of the egg with its long axis perpendicular to the egg's surface (e, f). (b, d) Micrographs of fertilized eggs 
shown in Figure 4a and c, respectively, at levels to demonstrate incorporated sperm nuclei (arrows), (g. h) 
Specimen at anaphase 1 depicting segregating chromosomes (g) and the meiotic spindle (h). (a-e,g) Preparations 
viewed to show 7-AAD-stained parental genomes, (f, h) Antitubulin-stained meiotic spindles. Scale bar 
= 10 /Jin. 


nuclear envelope to form the female pronucleus (Figs. 6g, 
h; 7, 11). 

In conjunction with the spindle pole remaining in the 
egg, a system of microtubules assembled and enveloped 
the developing female pronucleus (Fig. 6 f-g). Accom¬ 
panying these changes, a sperm aster developed in asso¬ 
ciation with the transforming sperm nucleus (Fig. 6f. g). 


With the continued growth of the sperm aster, the system 
of microtubules associated with the female pronucleus 
became smaller and eventually disappeared. 

Flalf-spindles taken into the first and second polar bod¬ 
ies quickly regressed following the formation of each polar 
body and appeared as fluorescent streaks (Fig. 6b-d). 
Chromosomes of the first polar body usually failed to dis- 


Figure 1. Unfertilized oyster eggs containing germinal vesicles, (a) The surface of the germinal vesicle 
is relatively smooth and devoid of extensive folds. The cytoplasm consists of a fairly homogeneous distribution 
of >olk (Y), lipid droplets (L), Golgi (G). and mitochondria (M). Although cislernae of endoplasmic reticulum 
are distributed throughout the egg cytoplasm, they do not form large aggregations as seen in eggs in which 
the germinal vesicle has broken down (see Fig. 5). Granules (Gr). smaller and with a more homogeneous 
content than yolk bodies, occupy the cortical region of the egg. (b. c) Fluorescence micrographs of 7-A A D- 
and antitubulin-stained eggs demonstrating tetrad chromosomes (b) and foci of microtubules (c) at one pole 
of the germinal vesicle (V). MV, microvilli; VL, vitelline layer. No, nucleolus. Scale bar ~ 5 ^m 

Figure 2. Cortex of an unfertilized egg depicting microvilli, granules (Gr), lipid droplets (L), elements 
of the endoplasmic reticulum (ER), and vitelline layer (VL). Structural changes in the egg cortex were not 
apparent as a result of insemination. Scale bar = 0.5 ^m. 

Figure 3. Sperm-egg interaction. The sperm has undergone the acrosome reaction and is in contact w ith 
the egg’s microvilli. N, sperm nucleus; M. sperm mitochondria; A, basal portion of the sperm acrosome. 
Scale bar - 0.5 ^m. 
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Figure 6. Polar body formation, (a-b) Fertilized egg shortly following the formation of the first polar 
body (arrow). The chromosomes remaining in the egg following anaphase 1 become organized on the second 
meiotie spindle, which is significantly smaller than the first and is initially oriented tangential to the egg's 
surface (b). (c, d) The second meiotie spindle rotates and becomes positioned normal to the egg's surface 
(c) and undergoes anaphase II (d). (e, f) Fertilized eggs following anaphase II. (e) The maternal (F) and 
sperm (M) chromatin enlarge to form female and male pronuclei, respectively, (f, g) Microtubule arrays 
develop in conjunction with the female and male (sperm aster) pronuclei, (g) The microtubule array associated 
with the female pronucleus (F) eventually regresses with the continued development of the sperm aster (A), 
(h) Zygote depicting apposed male and female pronuclei and two polar bodies (arrow). Preparations a, e, h 
are viewed to show 7-AAD staining and the maternal and paternal chromatin; specimens b, c, d, f, g viewed 
to show- antitubulin-stained structures. Scale bars = 10 ^m. 


perse and were not delimited by a nuclear envelope (Fig. 
7). In contrast, chromosomes of the second polar body 
dispersed and were surrounded by a nuclear envelope 
(Fig. 7). 

Sperm incorporation and male pronuclear development. 
Sperm-egg interaction leads to gamete membrane fusion 
and, as a consequence, the incorporation of the sperm 
nucleus, mitochondria, and axonemal complex (Figs. 8a- 


d). The projection of egg cytoplasm that formed at the 
site of sperm entry—the fertilization cone—was relatively 
small, usually just slightly larger than the sperm head. 
The pore connecting the fertilization cone with the egg 
cortex widened, thereby allowing the contents of the sper- 
matozoan to move into the cortex (Fig. 8a, b). This was 
followed by sperm chromatin dispersion; an apparently 
rapid process in which the condensed, granular chromatin 


Figure 5. Germinal vesicle breakdow n is accompanied by the formation of extensive convolutions of 
the nuclear envelope (a) and aggregations of endoplasmic reticulum (ER). (b, c) The nuclear envelope loses 
its pores and is severed at multiple sites to form cisternae (arrows) that are morphologically similar to 
endoplasmic reticulum, (d and inset) Elongate networks and aggregations of endoplasmic reticulum (arrows) 
that form in eggs having undergone germinal vesicle breakdown. Aggregations of endoplasmic reticulum 
arc sufficiently large that they are readily discerned as “clear" staining areas in light microscopic preparations 
(inset d; arrows). A prominent feature of germinal vesicle breakdow n in oyster eggs is the retention of an 
intact nucleolus (No: a-c, insets c and d). Inset c: Stained thick section showing a sperm prior to its incor¬ 
poration into the egg cortex and an intact nucleolus (No) in the area of the disrupted germinal vesicle 
(arrows). MS, meiotie spindle. Scale bar = I ^m (Fig. 5a-d): 10 (insets). 
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Figure 7. Firsl and second polar bodies and female pronucleus of a 
zygote following meiotic maturation. Chromatin within the second polar 
body (2) and zygote becomes organized within a nuclear envelope (ar¬ 
rows). Chromatin in the hrst polar body (1) usually remains devoid of 
delimiting membranes. Scale bar = 1 ^m. 


became dispersed into an aggregation of fine chromatin 
filaments (Fig. 8c, d). Analysis of sperm chromatin dis¬ 
persion revealed that it consisted of basically two phases 
of enlargement: (1) a slow rate that occurred during ger¬ 
minal vesicle breakdown and polar body formation, and 
(2) a much faster rate of expansion corresponding with 
female pronuclear enlargement (Fig. 9). The sperm chro¬ 
matin remained in a dispersed state, free of a nuclear 
envelope throughout the period of polar body formation. 
Concomitant with the formation of the female pronucleus, 
vesicles and elongate cisternae aggregated along the surface 
of the dispersed sperm chromatin. These elements fused 
together and acquired pores to constitute the nuclear en¬ 
velope (Figs. 10, 11). 


Pronuclear apposition and formation of the first cleavage 
spindle. After formation of the pronuclei, the male pro¬ 
nucleus migrated to the female pronucleus, which was 
either centrally placed within the zygote or situated just 
subjacent to the first and second polar bodies (Fig. 11). 
Within the two pronuclei were dense accumulations, 
structurally reminiscent of the nucleolus derived from the 
germinal vesicle (Fig. 11c). These structures appeared 
within the pronuclei with no apparent change in the nu¬ 
cleoli derived from germinal vesicles (Fig. lib, insets 
b, c). 

With the apposition of the pronuclei, two antitubulin- 
staining foci appeared; these became the poles of the mi¬ 
totic spindle (Fig. I2a-c). Simultaneously, the male and 
female pronuclei underwent prophase; i.e., their chro¬ 
mosomes condensed (Fig. 12) and their nuclear envelopes 
broke down (Fig. I2e-h). Subsequently, the maternally 
and paternally derived chromosomes became positioned 
on the metaphase plate of the mitotic spindle assembled 
for first cleavage (Fig. 12h). A similar pattern of morpho¬ 
genesis was also observed in polyspermic eggs. The male 
pronuclei, each of which possessed a sperm aster (Fig. 
12d; see also CB Effects), migrated into association with 
one another and the female pronucleus. A multipolar 
spindle formed from this association; the number of poles 
it possessed was a direct reflection of the extent of poly¬ 
spermy. 

CB effects 

Continuous exposure to CB. Many of the processes oc¬ 
curring in zygotes treated with CB were similar to, if not 
the same as these in the controls; therefore, only those 
processes directly affected by CB are described here. In 
the continuous presence of CB, formation of both polar 
bodies was inhibited. Anaphase 1 occurred and the pro¬ 
jection of cytoplasm normally budded from the egg to 
form a polar body developed: however, it was not severed 
from the zygote (Fig. 13a-d). Consequently, all the diad 
chromosomes were retained within the zygote (Fig. 13c). 
The spindle regressed and all the chromosomes became 
reorganized on a tripolar spindle formed within the egg 
cortex (Fig. 13e-f). The spindle had the shape of an equi¬ 
lateral triangle in which the length of each side was ap¬ 
proximately equal to the long axis of spindles that formed 
at metaphase II in untreated eggs. Interestingly, the tripolar 
spindle was oriented within the cortex so that a base or 
an apex was positioned directly subjacent to the cell sur¬ 
face. Chromosome separation followed and a variable 
number (3-6) of female pronuclei were eventually assem¬ 
bled, most likely as a result of chromosome segregation 
and aggregation at anaphase 11 and pronuclear assembly, 
respectively (Longo, 1972). 

CB application during first polar body formation. When 
CB was administered only during the period of first polar 
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Figure 8. (a-d) Sperm incorporation, (a. b) A small fertilization cone, essentially encompassing the 

sperm nucleus (N) and mitochondria (M). forms following gamete membrane fusion, (c, d) Both the sperm 
nucleus and mitochondria move through this projection of cytoplasm into the egg cortex where the condensed 
chromatin disperses (c) into an aggregation of hne filaments (d). D. dispersed sperm chromatin. Scale bars 
= 1 ^m (Fig. 8a-c); 0.1 //m (Fig. 8d). 
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Figure 9. Sperm nuclear enlargement consists of at least two stages: 
a phase consisting of a relatively slow rale of expansion that occurs during 
germinal vesicle breakdown and polar body formation [0 to ^40 min 
poslinsemination (p.i.)L This is followed by a phase of rapid expansion 
that occurs in conjunction with enlargement of the female pronucleus. 
The arrow indicates the lime meiotic maturation is concluded and de¬ 
velopment of a maternal pronucleus is initiated. 


body formation (15 min), chromosomes normally ex¬ 
truded from the zygote in the first polar body were re¬ 
tained. As in the case of zygotes continuously exposed to 
CB, all of the maternal chromosomes became positioned 
on a tripolar spindle (Fig. 14a, b). When CB-treated eggs 
were washed and resuspended in fresh seawater following 
the period of first polar formation (20 min after insemi¬ 
nation), a polar body did not always form. When it did, 
it was morphologically similar to the second polar body 
of control zygotes (Fig. 15a); />., it possessed dispersed 
chromatin surrounded by a nuclear envelope (Fig. 15). 
In these cases a variable number (3-6) of female pronuclei 
formed in a manner described above. 

CB application during second polar body formation. 
Zygotes treated with CB during formation of the second 
polar body possessed a first polar body and had their 
chromosomes organized on second meiotic spindles typ¬ 
ical of controls (Fig. 16a, b). In the presence of CB, the 
spindle rotated so that its long axis became positioned 
perpendicular to the egg surface (Fig. 16c, d). Anaphase 
II ensued and a projection of cytoplasm encompassing 
chromosomes normally expelled with the polar body 
formed (Fig. I6e). However, the cytoplasm was not sev¬ 
ered from the zygote and all of the chromosomes ol the 
second meiotic division were retained (Fig. 16e). Three 
pronuclei formed within such zygotes, two of maternal 
origin and one derived from the sperm (Fig. 16f); all un¬ 
derwent prophase as in controls. The condensed chro¬ 
mosomes of all three pronuclei became organized on a 
single mitotic spindle (Fig. 16g, h). 


Discussion 

The observations presented here document changes in 
fertilized eggs of the Pacific oyster, Crassostrea gigas. 
Meiotic maturation, assembly of the male and female 
pronuclei, pronuclear association, and subsequent devel¬ 
opment of the first cleavage spindle in CB-treated and 
untreated specimens have been observed with both light 
and electron microscopy. 

Egg structure at fertilization 

Essentially two morphological forms of C. gigas eggs 
were present from stripped, ovarian preparations. This 
variation in overall structure and in meiotic maturation 
has been noted previously and may be related to the 
method of gamete acquisition (Longo. 1983). The signif¬ 
icance of these two forms with respect to gamete matu¬ 
ration, fertilizability, and potential for development is 
unclear. Numerous studies (Longwell and Stiles, 1968; 
Downing and Allen, 1987; Stephano and Gould, 1988; 
Scarpa and Allen, 1992) have demonstrated that oyster 
eggs, obtained by stripping, can be fertilized and are ca¬ 
pable of embryogenesis. Observations presented here in¬ 
dicate that with the exception of germinal vesicle break¬ 
down and first meiotic spindle assembly, both forms un¬ 
dergo virtually identical processes at fertilization. 

It is noteworthy that reports of the timing of various 
stages of fertilization vary considerably (Galtsoff, 1964; 
Longwell and Stiles, 1968; Stiles and Longwell. 1973; 
Stanley et ai, 1984; Downing and Allen, 1987). Although 
parameters for optimal fertilization and early embryo- 
genesis have not been well-defined, temperature and sa¬ 
linity as well as the mode of gamete acquisition no doubt 
have profound effects on the timing of fertilization events 
and subsequent development (see Scarpa and Allen, 
1992). The use of serotonin to induce germinal vesicle 
breakdown (Osanai, 1985) provides a means of obtaining 
homogeneous populations of eggs so that more synchro¬ 
nous development can be achieved. With respect to events 
reported here, events in serotonin-treated eggs are essen¬ 
tially the same morphologically as in eggs obtained by 
stripping (Stephano and Gould, 1988). The timing of fer¬ 
tilization events, however, is related to the meiotic stage 
of the egg at insemination (Scarpa and Allen, 1992). 

Egg structure and the events of C. gigas fertilization, 
involving germinal vesicle breakdown and the formation 
of the first meiotic spindle, are similar to structures and 
processes reported for other mollusk eggs (Longo and An¬ 
derson. 1969, 1970; Longo, 1983; Komaru et a!.. 1990; 
Longo and Scarpa, 1991; see also Dessev and Goldman, 
1988; Dessev et ai, 1989; Strieker and Schatten, 1989). 
Notable differences, however, were observed in the present 
study. Retention of the nucleolus is a consistent feature 
of C. gigas eggs that undergo germinal vesicle breakdown. 
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Figure 10. (a, b) Formation of the male pronuelear envelope, {a) Following polar body formation, 

cisternae (C) surround Lhe dispersed sperm chromatin <D> and (b) fuse to form a nuclear envelope (arrow). 
Scale bar = 1 ^m. 


This structure did not appear to diminish appreciably in 
size throughout the period of fertilization (up to 1 h). In 
mitotic cells, loss of the nucleolus is due to the cessation 
of rRNA synthesis, coupled with the continued processing 
of ribosomal precursors (Anastassova-Kristeva, 1977; 
Hadjiolov, 1985). Failure of these events presumably 
would lead to the retention of a nucleolus as seen here. 

Major events in the breakdown of the germinal vesicle 
are the loss of nuclear pore complexes and the vcsiculation 
of the nuclear envelope into cisternae that are structurally 
reminiscent of elements of the endoplasmic reticulum. 
Concomitant with the breakdown of the nuclear envelope 
is the formation of networks and aggregations of endo¬ 
plasmic reticulum. Although the surface area of the nu¬ 
clear envelope measures about 2900 ^m 2 , it is doubtful 
that all membranous elements comprising the networks 
and aggregations that appear with germinal vesicle break¬ 
down are, in fact, derived from the nuclear envelope. This 
impression is based on preliminary observations (F. J. 
Longo, pers. obs.) indicating that the number and size of 
endoplasmic reticulum aggregations comprise a greater 
area than can be accommodated by the nuclear envelope 
of the germinal vesicle. Hence, we suggest that concom¬ 
itant with germinal vesicle breakdown, cisternae of en¬ 


doplasmic reticulum throughout the egg are organized 
into dense aggregations and networks. Cisternae derived 
from the breakdown of the nuclear envelope may be a 
part of these membranous arrays. 

Alterations in the endoplasmic reticulum seen in C. 
gigas eggs/zygotes are similar to those described for starfish 
oocytes (Kato el al 1990) and reminiscent of dynamic 
changes that occur in the endoplasmic reticulum of sea 
urchin eggs at fertilization, presumably in relation to the 
initiation of egg activation (Terasaki and Jaffe, 1991; see 
also Campanella el al .. 1984; Speksnijder el al ., 1993). 
Morphogenic changes of the endoplasmic reticulum may 
play a similar role in the regulation of fertilization pro¬ 
cesses in C. gigas eggs. 

Changes in the surface structure of the egg, />.. crenated 
to smooth, appeared to be coupled to nuclear events and 
arc largely inhibited by CB (F. J. Longo, pers. obs.). The 
cortex of C. gigas eggs was similar to that of other spiralian 
eggs(Rebhun, 1962; Fallon and Austin, 1967; Longo and 
Anderson, 1969, 1970; Hylander and Summers, 1977). 
Previous studies (Galtsoff, 1964; Osanai, 1969) refer to 
either a cortical granule reaction or fertilization envelope 
formation in Crassestrea; such processes were not ap¬ 
parent, nor were changes in microvillar structure and the 
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Figure 12. Antitubulin- and 7-AAD-slained specimens depicting the development of microtubule arrays 
(a-d) and the morphogenesis of the maternally and paternally derived chromatin following pronuclear 
apposition (e-h). (a-c) Stages in the development of the mitotic spindle; the developing spindle poles are 
shown at the arrows, (d) Polyspermic egg in which each male pronucleus is associated with a developing 
sperm aster (arrows), (e, f) Apposed male and female pronuclei undergoing chromatin condensation, (g, h) 
Coalescence (g) and alignment (h) of the paternally and maternally derived chromosomes on the metaphase 
plate of the first cleavage spindle. P. polar bodies. Scale bar = 10 ^m. 


vitelline layer obvious with the methods employed here 
(see also Alliegro and Wright, 1983). 

Centrosomes and first and second meiosis 

Observations presented here indicate that germinal 
vesicle eggs of C gigcis possess two foci of radiating mi¬ 
crotubules that may be intimately involved in meiotic 
spindle formation. At the time of germinal vesicle break¬ 
down, they appear to establish the poles of the first meiotic 
apparatus. Such foci are reminiscent of those observed in 
starfish oocytes (Schroeder, 1985; Otto and Schroeder, 
1984) and in other cell types (see Kalt and Schliwa, 1993) 
where they organize microtubules during both interphasc 
and mitosis and are referred to as centrosomes. 


The first meiotic spindle of C. gigas forms in the central 
portion of the egg and then moves to and becomes po¬ 
sitioned perpendicularly to the egg cortex. A similar mor¬ 
phogenesis has been described for vertebrate and inver¬ 
tebrate eggs (Gard, 1992; see Longo, 1983). It is note¬ 
worthy that in the present case, migration to and 
orientation of the spindle within the egg cortex does not 
appear to be affected by CB. This is in contrast to studies 
with maturing mammalian oocytes indicating that mi¬ 
crofilaments are involved in the centrifugal displacement 
of the first metaphase spindle (Longo and Chen, 1985; 
Maro et ai . 1986; Van Blerkom and Bell, 1986; Alexandre 
el ai, 1989; Ryabovra et ai, 1986). 

The size and orientation of the first meiotic spindle of 
C. gigas are comparable to those previously reported and 


Figure 11. (a-c) Male (M) and female (F) pronuclei prior to (a, b), and following their apposition (c). 

(b) The nucleolus (No) derived from the former germinal vesicle is situated near the female pronucleus (F). 

(c) Both the male and female pronuclei accumulate dense aggregations, reminiscent of nucleoli (arrows). 
Inset b: Male (M) and female (F) pronuclei prior to their migration. The area partially surrounding the male 
pronucleus and essentially de\oid of granular organelles comprises a portion of the sperm aster. Inset c: 
Apposed male and female pronuclei adjacent to the nucleolus derived from the former germinal vesicle. 
PB. first and second polar bodies. Scale bar = 1 /um (Fig 1 la-c); 10 /urn (insets). 
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Figure 13. (a. c, e) 7-AAD- and antitubulin-stained (b, d, f) eggs treated continuously with cytochalasin 

B. (a-d) Because first polar body formation is inhibited, the chromosomes (arrows) and the spindle pole (C) 
normally expelled at meiosis I are retained within the zygote, (e, f) All of the chromosomes (arrows) then 
become part of a Iripolar spindle (f). Scale bar = 10 juni. 

Figure 14. Iripolar spindle that forms in fertilized eggs treated with cvtochalasin B during meiosis 1. 
Specimen stained with 7-AAD (a) and antitubulin (b). Scale bar 10 ^m. 


for other mollusk species that have been examined (lnaba, 
1936; Longo and Anderson, 1969, 1970; Kuriyama el al., 
1986; Kuraishi and Osanai, 1988). However, the second 
meiotic spindle differs from the first in both its size and 
initial orientation. The basis for differences in size and 
orientation of the second meiotic spindle is not clear. 
Meiotic spindles oriented parallel to the egg cortex are 
not uncommon, particularly in mammals (Longo, 1987; 
see also Gard, 1992). As far as we arc aware, differences 
in spindle size of meiotic eggs are unusual, and how they 
might be regulated is not clear. An examination of pre¬ 
viously published observ ations of fertilized Japanese oyster 
eggs does show what may be differences in size and ori¬ 
entation of the first and second meiotic spindles (lnaba, 
1936; Kuraishi and Osanai, 1988). Whatever the scheme 
to explain such differences, it will have to take into account 
observations that the axes of the tripolar meiotic spindle 
formed in CB-treated eggs are approximately equal to the 
spindle length of the second meiotic apparatus. Further¬ 
more, mechanisms underlying spindle orientation have 
not been established, although microtubules have been 


implicated in this process (Hyman, 1989; Kropf el al., 
1990; Fernandez el al., 1990; Gard, 1992). 

The array of microtubules that develops in conjunction 
with the forming female pronucleus disappears by pronu- 
clear migration, suggesting that it may have little to do 
with this process. Concomitant with the increase and 
regression of the microtubular array associated with the 
female pronucleus is the development of the sperm aster, 
which accompanies the male pronucleus in its migration. 
The sperm aster remains in proximity with the associated 
pronuclei and with the onset of prophase appears to divide 
into two foci that form the poles of the cleavage spindle 
(Sluder el al., 1985; Schatten el al., 1986). This morpho¬ 
genesis and the disappearance of microtubule arrays as¬ 
sociated with the female pronucleus suggest that centro- 
somes of C. gigas embry os are paternally derived as de¬ 
scribed for other species (Longo and Anderson, 1969, 
1970; Kuriyama el al.. 1986; Schatten el al., 1986; Sluder 
et al., 1985, 1989.) The presence of multiple sperm asters 
in polyspermic oyster eggs, their apparent contribution 
to the formation of multipolar cleavage spindles, and mi- 
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Figure 15. Polar bodies formed in eggs treated with cytochalasin B during the period of meiosis I (a) 
and meiosis 11 (b). Usually only polar bodies developing at meiosis 11 possess chromatin that becomes 
organized into a nucleus, (a) Nucleus (N) in a polar body formed after inhibition of the hrst polar body, (b) 
Chromatin of polar bodies that form at the hrst meiotic division may be surrounded by cisternae (arrows), 
however, and a nuclear envelope usually fails to form. Scale bar = 1 /um. 


erotubule dynamics in CB-treated eggs (see below) are 
consistent with this notion. 

Sperm nuclear transformations 

The different rates of sperm nuclear expansion observ ed 
here are similar to those that have been previously re¬ 
ported in oysters (Kuraishi and Osanai. 1988; Komaru et 
ai, 1990) and in other mollusks (Da-Yuan and Longo, 
1983; Luttmer and Longo. 1988; Longo and Scarpa, 
1991). It is noteworthy that during polar body formation 
in eggs inseminated at an arrested stage of meiosis there 
is a condensation of the dispersed sperm chromatin 
(Longo. 1990). Such a size reduction was not noted here, 
due possibly to the heterogeneity of the population studied 
or to the presence of a relatively small decrease that went 
undetected. Inspection of micrographs from published 
investigations of fertilized oyster eggs reveals images of 
incorporated sperm nuclei that appear to have condensed 
following their initial dispersion (Kuraishi and Osanai, 
1988; Komaru et at ., 1990). 


It is not until the completion of meiosis and in con¬ 
junction with the assembly of a female pronucleus that a 
nuclear envelope formed along the periphery of the dis¬ 
persed sperm chromatin. Nuclear envelope assembly with 
respect to both the male and female pronuclei involves 
an aggregation of cisternae along the periphery of the dis¬ 
persed chromatin and their fusion (Lohka, 1988). The 
two pronuclei that form are virtually identical in size and 
structure: however, the female pronuclcus is distinguished 
by its associated microtubule array and proximity to the 
polar bodies. The male pronuclcus is identifiable by its 
association with the sperm aster. Morphogenesis of ap¬ 
posed male and female pronuclei of oyster zygotes is es¬ 
sentially the same as described for other mollusks (Longo 
and Anderson. 1969, 1970; Longo and Scarpa, 1991; see 
Longo, 1983). 

CB effects 

Results of the present study are consistent with previous 
investigations demonstrating that CB application leads to 
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Figure 16. Effect of cylochalasin B (CB) on eggs at the second meiotic division, (a-d) When added 
immediately following first polar body formation, CB does not inhibit the development and changes in 
orientation of the second meiotic spindle, (a) A spindle forms that is initially positioned parallel to the egg 
surface; it then rotates to a perpendicular orientation <b) as in untreated eggs, (c, d) Same preparation shown 
in a and b. respectively, but viewed to show chromosomes stained with 7-AAD. (e, f) After spindle rotation, 
anaphase II ensues but is not accompanied by the formation of a second polar body. The chromosomes 
(arrows) retained within the egg develop into pronuclei (F, M), and the meiotic spindle regresses, (g, h) The 


two female pronuclei and the one male pronucleus that 
from all three pronuclei become organized on a single 
nm. 


polyploidy (Stanley ct ai, 1981; Downing and Allen. 1987; 
Allen, 1987; Komaru ct ai, 1990), particularly when given 
at two critical periods corresponding to anaphase 1 and 
II (Quillet and Panelay, 1986). As shown here and in pre¬ 
vious studies with Spisuhi (Longo, 1972), CB has no ap¬ 
parent effect on the elevation of the cytoplasmic projection 
that becomes a polar body, but does affect its separation 
from the zygote. This is presumably a result ofCB's action 
on the band of actin filaments comprising the cleavage 
furrow (Rappaport, 1975). Consequently, the projection 
that normally would become a polar body is not severed 
from the zygote, and chromosomes normally segregated 
from the zygote are retained. Depending on the time and 
duration of CB application, varying modes and degrees 
of ploidy result (Allen, 1987; Komaru ct ai, 1990; Guo 
ct ai, 1992a, b). 

Recent investigations by Guo ct ai (1992a, b) indicate 
that when CB is administered at metaphase I, greater than 
50% aneuploids are produced. This result is in excellent 
agreement with the present study demonstrating that. 


are formed undergo prophase and (he chromosomes 
mitotic spindle. I, first polar body. Scale bar = 10 


when formation of the first polar body is blocked, chro¬ 
mosomes remaining in the zygote become organized on 
a tripolar, meiotic spindle. Orientation of the tripolar 
spindle and mechanisms by which it might function may 
be responsible for the distribution of aneuploidy around 
peaks with 23-27 and 35-37 chromosomes (Guo et ai, 
1992a, b). The presence of a tripolar spindle is also con¬ 
sistent with investigations indicating that during meiosis * 
there is a halving of material responsible for the organi¬ 
zation of the meiotic spindle (Sluder ct ai. 1989,1993). 
Specifically, the observations presented here indicate that 
the spindle pole normally expelled with the first polar 
body is retained and, although it is unable to divide, it is 
able to participate in the organization of one pole of the 
tripolar spindle. In contrast, the center normally retained 1 
in the zygote following meiosis I divides and presumably 
is responsible for the organization of two poles of the tri¬ 
polar spindle. This implies that the centrosome normally 
taken into the first polar body is affected in some way 
during the course of meiosis such that it is unable to be- I 
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have in the same manner as the center normally retained 
within the zygote (Sluder ct al., 1989). These observations 
arc consistent with recent experiments in starfish zygotes 
which demonstrate that the reproductive capacity of ma¬ 
ternal centrosomes is degraded during meiosis 1 (Sluder 
ct al., 1993). 

In theory, when only the tirsl or the second polar body 
is blocked, two female pronuclei are formed; when both 
polar bodies are inhibited at least four female pronuelei 
are formed (Longo, 1972; Komaru ct al., 1990). Devia¬ 
tions from these values reflect the manner in which the 
second meiotic spindle becomes organized and the way 
the maternal chromosomes aggregate and become delim¬ 
ited by a nuclear envelope (Longo, 1972). In the treat¬ 
ments studied here, all the maternally derived pronuclei 
migrate to and become associated with the male pronu¬ 
cleus. The associated pronuelei then undergo prophase as 
separate structures, and their chromosomes become as¬ 
sociated on a single mitotic spindle. Such an observation 
is consistent with previous accounts, indicating that cen¬ 
trosomes of the embryo are paternally inherited (Wilson, 
1925; Sluder ct al., 1989, 1993). 

Acknowledgments 

The assistance of Ms. Tena Perry, Ms. Erin Jacobs, and 
Mr. Eric Freese is greatly appreciated. Special thanks are 
extended to Dr. Wallis H. Clark, Jr., for his comments 
and advice during the course of this investigation. Portions 
of the study presented here were supported by funds from 
the NIH. This paper is dedicated to the memory of Dr. 
Harold W. Beams (Emeritus Professor of Biology, the 
University of Iowa, Iowa City). His talents as an inspiring 
teacher and devoted researcher profoundly influenced all 
those who were privileged to know him. The curiosity 
and enthusiasm he demonstrated for cell and develop¬ 
mental biology throughout his long and illustrious career 
inspired us to a greater love of science. 

Literature Cited 

Alexandre, II., A. Van Canwenberge, and J. Mulmard. 1989. In¬ 
volvement of microtubules and microfilaments in the control of the 
nuclear movement during maturation of mouse oocyte. Dev. Biol. 
136:311-320. 

Allen, S. K. 1983. Flow cytometry: assaying experimental polyploid 
fish and shellfish. Aquaculture 33: 317-328. 

Allen, S. K. 1987. Genetic manipulations—critical review of methods 
and performances for shellfish. Pp. 127-143 in Selection. Hybridiza¬ 
tion . and Genetic Engineering in Aquaculture, k. Tiews, ed. Vol. 11 
Heenemann Verlag, Berlin. 

Uliegro, M. C., and I). A. Wright. 1983. Polyspermy inhibition in the 
oyster, Crassostrea virginica. J. Exp Zooi 227: 127-137. 
Anastassma-kr isttw a, M. 1977. The nucleolar cycle in man. J Cell 
Sci. 25: 103-110. 

Beaumont, A. R., and J. K. Kairhrother. 1991. Ploidy manipulation in 
molluscan shellfish: a review. J Shellfish Res. 10: 1-18. 


Canipanella, C., P. \ndreuct*Ui, C. Taddei, and R. Iale\i 1984, The 
modification of cortical endoplasmic reticulum during in vitro mat¬ 
uration of AY nopus laevis oocytes and its involvement in cortical 
granule exocytosis. J Exp. Zool. 229:283-293. 

Chaiton, J. V., and S. k. Allen. 1985. Early detection of tnploidy in 
the larvae of Pacific oysters, Crassostrea gigas. by flow cytometry. 
Aquaculture 48: 35-43. 

Ha-Yuan, C, and K. J. Longo. 1983. Sperm nuclear dispersion coor¬ 
dinate with meiotic maturation in fertilized Spisula solidissima eggs 
Dev. Biol 99: 217-224. 

Daniels, E. W., A. C. Longwell, J. M. McNiff, and R. \Y. Wolfgang. 
1971. Ultrastructure of spermatozoa from the American oyster 
Crassostrea virginica. Trans. Am. Microsc . Soc 90: 275-282. 

Dessew G., and R. Goldman. 1988. Meiotic breakdown of nuclear en¬ 
velope in oocytes of Spisula solidissima involves phosphorylation 
and release of nuclear lam in. Dev Biol 130: 543-550. 

Desse>, G., R. Palaz/o, L. Rcbhun, and R. Goldman. 1989. Disassembly 
of the nuclear envelope of Spisula oocytes in a cell-free system. Dev 
Biol. 131: 496-504 

Downing, S. L., and S. k. Allen. 1987. Induced tnploidy in the Pacific 
oyster, Crassostrea gigas Optimal treatments with cytochalasin B 
depend on temperature. .■Aquaculture 61: 1-15. 

Fallon, J. F., and C. R. \ustin. 1967. Fine structure of gametes of 
A ereis l ini hat a (Annelida) before and after interaction. J. Exp. Zool. 
166:225-242. 

Fernandez, J., N. Oka, V. Tellez, and C. Matte. 1990. Structure and 
development of the egg of the glossiphonid leech Theromyzon rude 
re-organization of the fertilized egg during completion of the first 
meiotic division. Dev Biol. 37: 142-154. 

Galtsoff, P. S. 1964. The American oyster Crassostrea virginica 
Gmelin. Fish. Bull. US Fish Wild Sen 64: 324-354. 

Galtsoff, P. S., and I). E. Philputt. 196U. Ultrastructure of the sper- 
matozoan of the oyster, Crassostrea virginica. J Ultrastnict Res. 3: 
241-253. 

Card, D. L. 1992. Microtubule organization during maturation of 
Xenopus oocytes: assembly and rotation of the meiotic spindles. Dev 
Biol. 151: 516-530. 

Guo, \., k Cooper, W. K. Hershberger, and k k. Chew. 

1992a. Genetic consequences of blocking polar body 1 with cyto¬ 
chalasin B in fertilization eggs of the Pacific oyster, Crassostrea gigas: 
1. Ploidy of resultant embryos. Biol. Bull. 183: 381-386. 

Guo, X., \Y. k. Hershherger, K. Cooper, and k k Chew. 

1992b. Genetic consequences of blocking polar body 1 with cyto¬ 
chalasin B in fertilized eggs of the Pacific oyster, Crassostrea gigas: 
11 Segregation of chromosomes. Biol. Bull. 183: 387-393. 

Gutierrez, M., J. P. Crespo, and E. Pascual. 1978. Ultrastructura de 
ovocitos y espermatozoides del ostion, Crassostrea angulata Lmk. 
de la costa sudatlantica de Espana. Investigat ion Pesquera 42: 167- 
178. 

I ladjiolot, A. V. 1985. The A ucfeolus and Ribosome Biogenesis. 
Spnnger-Verlag, New York 

11>lander, B. L., and R. G. Summers. 1977. An ultrastructural analysis 
of the gametes and early fertilization in two bivalve molluscs, Chama 
macerophylla and Spisula solidissima with special reference to gamete 
binding. Cell Tiss Res. 182: 469-489. 

Hyman, V V 1989. Centrosome movement in the early dnisions of 
Caenorhabditis elegans A cortical site determining centrosome po¬ 
sition. ./. Cell Biol 109: 1185-1193. 

Inaba, F. 1936. Studies on the artificial parthogenesis of Ostrca gigas, 
Thunberg. J. Sci. Hiroshima Unix , Ser. B. Div. 1. 5: 29-46. 

kalt, \., and M. Schliwa. 1993. Molecular components of the centro¬ 
some. Trends Cell Biol. 3: 118-128. 

Kato, k. 11. S. Washitani-Nemoto. A. Hino, and S. Nemoto. 
1990. Ultrastructural studies on the behavior of centrioles during 
meiosis of starfish oocytes. Dev. Growth Differ 32: 41-49. 






214 


F. J. LONGO ET AL. 


komaru, A., H. Matsuda, I. Yamakawa, and k. T. Wada. 
1990. Chromosome behavior of meiosis-inhibited eggs with cyto¬ 
chalasin B in Japanese pearl oyster. Nippon Sitisan Gakkaishi 56: 
1419-1422. 

kropf, D. L., A. Maddock, and D. L. Gard. 1990. Microtubule distri¬ 
bution and function in early Pelxetia development. J. Cell Sci. 97: 
545-552. 

kuraishi, R., and k. Osanai. 1988. Behavior of sperm nuclei in meiotic 
eggs of the oyster, Crassastrea gigas. Bull. Mar. Biol. Sin. Asamushi 
18: 57-65. 

kuriyama, R., G. G. Borisy, and Y. Masui. 1986. Microtubule cycles 
in oocytes of the surf clam, Spisula solidissima: a fluorescence study. 
Dev. Biol. 114: 151-160. 

Lohka, M. J. 1988. The reconstitution of nuclear envelopes in cell- 
free extracts. Cell Biol hit. Rep. 1 2: 833-848. 

Longo, F. J. 1972. Effects of cvtochalasin B on events of fertilization 
in the surf clam, Spisula solidissima 1. Polar body formation. J. Exp. 
Zool. 182: 321-344. 

Longo, F. J. 1976. Ultrastructure aspects of fertilization in Spiralian 
eggs. Am. Zool 16: 375-394. 

Longo, F. J. 1983. Meiotic maturation and fertilization. Pp. 49-89 in 
The Mollusca. Vol 3. K. M. Wilbur, ed. Academic Press, New York. 

Longo, F. J. 1987. Eeridilution. Chapman & Hall. New York. 

Longo, F. J. 1990. Dynamics of sperm nuclear transformation at fer¬ 
tilization. Pp. 297-307 in Fertilization in Mammals . B. D. Bavister, 
J. Cummins, and E. R. S. Roldan, eds. Serono Symposium. U S A. 
Norwell, MA. 

Longo, F. J., and E. Anderson. 1969. Cytological aspects of fertilization 
in the lamellibranch, Mytilus ednlis. 1. Polar body formation and 
development of female pronucleus. J Exp. Zool. 172: 69-96. 

Lnngo, F. J., and E. Anderson. 1970. An ultraslructural analysis of 
fertilization in the surf clam. Spisula solidissima I. Polar body for¬ 
mation and development of the female pronucleus. J. Ultrastruct. 
Res. 33: 495-514. 

Longo, F. J., and D. Y. Chen. 1985. Development of cortical polarity 
in mouse eggs: involvement of the meiotic apparatus. Dev. Biol. 107: 
382-394. 

Longo, F. J., and J. Scarpa. 1991. Expansion of the sperm nucleus 
and association of the maternal and paternal genomes in fertilized 
Muhnia lateralis egg. Biol Bull. 180: 56-64. 

Longwell, A. C., and S. S. Stiles. 1968. Fertilization and completion 
of meiosis in spawned eggs oflhe American oyster, Crassastrea vir¬ 
ginica Gmelin. Caryologia 21: 65-73. 

Lultmer, S. J„ and F. J. Longo. 1988. Sperm nuclear transformations 
consist of enlargement and condensation coordinate with stages of 
meiotic maturation in fertilized Spisula solidissima eggs. Dev. Biol 
128: 86-96. 

Maro, B., M. 11. Johnson, M. Webb, and G. Floch. 1986. Mechanisms 
of polar body formation in the mouse oocyte: an interaction between 
the chromosomes, the cytoskelelon, and the plasma membrane. 
./ Embryol. Exp. Morphoi 92: 11-32. 

Osanai, k. 1969. Relation between cortical change and cytoplasmic 
movement in the oyster egg. Anna Rep. Eac Educ. Iwate Unix 29: 
39-44. 

Osanai, k. 1985. In vitro induction of germinal vesicle breakdown in 
oyster oocytes. Bull Mar Biol. Stn Asamuchi 18: 1-9. 

Otto, J. J., and T. E. Schrocder. 1984. Microtubule arrays in the cortex 
and near the germinal vesicle of immature starfish oocyte. Dev. Biol. 
101: 274-281. 


Quillel, E., and P. J. Panelay. 1986. Triploidy induction by thermal 

shocks in the Japanese oyster, Crassastrea gigas. Aquaculture 57: 
271-279. 

Rappaport, R. 1975. Establishment and organization of the cleavage 
mechanism. Soc. Gen. Physiol Ser 30: 287-305. 

Rebhun, L. I. 1962. Electron microscope studies on the vitelline mem¬ 
brane of the surf clam. Spisula solidissima. J. Ultrastruct. Res. 6: 
107-122. 

Ryabova, L. V., M. 1. Betina, and S. G. Vassetsky. 1986. Influence of 
cytochalasin B on oocyte maturation in Xenopus laevis. Cell 19: 89- 
96. 

Scarpa, J., and S. k. Allen. 1992. Comparative kinetics of meiosis in 
hybrid crosses of Pacific oyster Crassastrea gigas and Suminoe oyster 
C. nvularis with the American oyster C vnginiea. J. Exp . Zool. 263: 
316-322. 

Schatten, 11., G. Schatten, D. .Mazia, R. Balczon, and C. Simerly. 
1986. Behavior of centrosomes during fertilization and cell division 
in mouse oocytes and m sea urchin eggs. Proc. Natl Acad. Sci. USA 
83: 105-109. 

Schrocder, T. E. 1985. Cortical expressions of polanty in the starfish 
oocyte. Dev. Growth Differ. 27: 311-321. 

Sluder, G., C. 1 . Reider, and F. Miller. 1985. Experimental separation 
of pronuclei in fertilized sea urchin eggs: Chromosomes do not or¬ 
ganize a spindle in the absence of centrosomes. J. Cell Biol. 100: 
897-903. 

Sluder, G., F. J. Miller, k. Lewis, E. D. Davison, and C. L. Rieder. 
1989. Cenlrosome inheritance in starfish zygotes: selective loss of 
the maternal cenlrosome after fertilization. Dev Biol. 131: 567-579. 

Sluder, G., F. J. Miller, and k. Lewis. 1993. Centrosonte inheritance 
in starfish zygotes 11: Selective suppression of the maternal cenlrosome 
during meiosis. Dev Biol. 155: 58-67. 

Speksnijder, J. E., M. Terasaki, \V. J. 1 lage, L. F. Jaffe, and C. Sardet. 
1993. Polanty and reorganization of the endoplasmic reticulum 
during fertilization and endoplasmic segregation in the ascidian egg. 
J Cell Biol. 120: 1337-1346. 

Stanley, J. G., S. k. Mien, and 11. llidu. 1981. Polyploidy induced in 
the Amencan oyster, Crassastrea virginica. with cytochalasin B. 
Aquaculture 23: 1-10. 

Stanley J. G., II. llidu, and S. k. Allen. 1984. Growth of American 
oysters increased by polyploidy induced by blocking meiosis 1 but 
not meiosis 11. Aquaculture 37: 147-155. 

Stephann, J. L., and M. Gould. 1988. Avoiding polyspermy in the 
oyster (Crassastrea gigas). Aquaculture 73: 295-307. 

Stiles, S. S., and A. C. Longwcll. 1973. Fertilization, meiosis and 
cleavage in eggs from large mass spawnings of Crassastrea virginica 
Gmelin, the commercial American oyster. Caryologia 26: 253-262. 

Strieker, S. A., and G. Schatten. 1989. Nuclear envelope disassembly 
and nuclear lamina depolymerization during germinal vesicle break¬ 
down in starfish. Dev. Biol. 135: 87-98. 

Terasaki, M., and L. Jaffe. 1991. Organization of the sea urchin en¬ 
doplasmic reticulum and its reorganization at fertilization. J. Cell 
Biol. 114: 929-940. 

Van Blerkoni, J., and 11. Bell. 1986. Regulation of development in the 
fully grow n mouse oocyte: chromosome mediated temporal and spa¬ 
tial difierenliation of the cytoplasm and plasma membrane. J. Em¬ 
bryol. Exp. Morphoi. 93: 213-238. 

Wilson, E B. 1925. The Cell m Development and Hereditary. 
MacMillan, Co., New York. 









